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Abstract
The blasting of brittle materials with sharp particles is an important fabrication technology in many industrial processes. In
particular, for microsystems, it allows the production of devices with feature sizes down to few tens of microns. An important
parameter of this process is the surface roughness of post-blasted surfaces. In this work the scaling properties of Pyrex glass
and silicon surfaces after bombardment with alumina particles are investigated. The targets were bombarded at normal incidence
using alumina particles with two different average sizes, 29 µm and 9 µm. This investigation indicates that the resulting surfaces are
multifractal. Applying multifractal detrended ﬂuctuation analysis (MFDFA) allowed us to determine the singularity spectrum of the
surfaces. This spectrum did not depend on the target material or on the size of the particles. Several parameters quantifying relevant
quantities were determined. It was found that long range correlations are responsible for the observed multifractal behaviour.
c  2007 Elsevier B.V. All rights reserved.
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1. Introduction
Powder blasting technology is among several techniques used in the micromachining [1–3] of devices on silicon
and other materials. With such abrasive techniques, one can achieve high erosion rates; higher than those that can
be obtained with conventional dry or wet etching processes such as plasma etching and chemical etching. In the
ﬁeld of microelectromechanical systems (MEMS), powder blasting has already been used for the fabrication of
inertial sensors [2], peristaltic micropumps [3] and miniaturized capillary electrophoresis chips [4]. Erosion with
sharp particles is also a widely used technique in aerospace and automotive industries. Because of its involvement
in many applications, it is important to investigate the surface morphology of blasted surfaces resulting from erosion
since the performance of many devices will depend on the surface roughness. Such investigation will also give an
insight into the physical mechanisms at work during the bombardment of materials with particles. The mechanisms
involved in the erosion of brittle materials with sharp particles have been the subject of several studies. Several models
have been developed [5,6] that are based on simple static indentation theory. These models empirically relate the
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Fig. 1. Surface proﬁles after blasting of Pyrex and silicon with particles of size δ = 9 µm (Py9 and Si9), and with particles of size δ = 29 µm
(Py29 and Si29).
erosion rate to the material’s properties such as the fracture toughness, the hardness and the Young modulus of the
material. These models simply state that an indentation force is generated by the impact of bombarding particles
which, in turn, results in the formation of crack patterns. Some cracks penetrate the material radially away from
the surface into the bulk material; others will nucleate and form a lateral ring parallel to the surface [7–9]. The radial
cracking process was extensively studied [10,11] and was used as a method for materials toughness measurement [12].
Lateral cracks are responsible for the removal of material in abrasive and wear experiments on brittle
materials [13–15].
In separate studies, substantial work was dedicated to the understanding of fracture surfaces [16] in brittle
materials. These studies focus on the scaling properties of fracture surfaces resulting from an applied load on
the material. These surfaces are found to be self-afﬁne, i.e. the root mean square surface ﬂuctuations (deﬁned as
σ2 = 1/N
PN
i=1(h(i) − ¯ h), where h(i) is the surface proﬁle at a point i, ¯ h is its average value and N the number of
data points in the proﬁle) averaged over a distance L follows the scaling relation [17]
σ ∼ Lα (1)
where the scaling exponent α is often called the roughness or the Hurst exponent. In a variety of materials, the value
of α was found to be approximately 0.8 over two or three decades of scaling range. For this reason, it was conjectured
to be universal, i.e. independent of the material, the fracture mode and the fracture toughness [16,18,19].
The present work is dedicated to the study of the scaling properties of surfaces resulting from a bombardment
by sharp particles. Pyrex glass (borosilicate glass) and silicon were the materials used in this investigation. We will
investigate the effect of the material and the size of the bombarding particles on those properties.
2. Experiments
In the experiments carried out, surfaces are exposed to a directed particle jet, which results in mechanical material
removal. The particles are accelerated towards the target with a high pressure air ﬂow through a circular nozzle
(with a diameter of 1.5 µm). The particles hit the target under normal incidence, with an average speed of 290 m/s,
in a ventilated box. A lateral movement of the target ensures an evenly etched surface. The average diameters of the
bombarding alumina particles were 9 µm and 29 µm. We performed measurements on one-dimensional cuts of blasted
surfaces using a mechanical surface proﬁler (Sloan Dektak II), over a length of 1 mm. Each scanned proﬁle is made
of 8000 data points. The vertical resolution of the proﬁler was 10 ˚ A. Typical proﬁles obtained after blasting Pyrex and
silicon surfaces with alumina particles are shown in Fig. 1. Note the difference in roughness amplitude between the
two cases corresponding to different particle sizes. Large amplitudes are obtained when the targets are blasted with
large particles. The typical rms surface roughness is σ = 0.7 µm and σ = 0.65 µm for Pyrex and silicon respectively,
when 9 µm particles are used. In Table 1, measured values of the surface rms roughness are shown, as a function of the
bombarding particle sizes and the target material. Samples bombarded with particles having a diameter δ are denoted
as Xδ, where X denotes the material’s symbol. For example Si29 means silicon bombarded with particles having a
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Table 1
Values of the rms roughness as a function of the particles size and the target material
Particles size 9 µm 29 µm
Pyrex 0.7 ± 0.02 µm 2.2 ± 0.02 µm
Silicon 0.65 ± 0.01 µm 2.3 ± 0.01 µm
3. Multifractal properties and the singularity spectrum
Rough surfaces exhibiting a range of roughness exponents are called multifractal [20]. Our aim is to determine the
full range of local roughness exponents for the blasted surfaces using multifractal analysis. To do so, we characterized
the proﬁles by computing the so-called singularity spectrum, which determines the distribution of the whole range
of local roughness exponents. We used the multifractal detrended ﬂuctuation analysis (MFDFA) [21]. This method
has become popular thanks to its simplicity and its easy computer implementation. Other methods exist such as the
wavelet transform modulus maxima method (WTMM) [22] but the MFDFA has several advantages [23]. The MFDFA
is the extension of the detrended ﬂuctuation (DFA) [24] method which was used to compute the roughness exponent
of monofractal signals and for the identiﬁcation of long range correlations in non-stationary time series [21]. MFDFA
is an efﬁcient tool for eliminating undesirable trends in ﬂuctuations. This method applied to our experimental data can
be summarized as follows: Given a proﬁle h(i), i = 1,..., N, we compute the integrated proﬁle,
H(i) =
i X
j=1
(h(j) − hhi) (2)
where N is the number of data points and hhi is the mean height of the proﬁle. The whole proﬁle is subdivided into
ML = N/L non-overlapping segments of length L (here L is the number of data points in each segment). Since ML
is not always an integer, some data will be ignored during this procedure. To take them into account, the subdivision is
performed from both ends of the proﬁle, which results in 2ML segments. In each segment n the polynomial trend Pn is
subtracted from the data. This polynomial is determined by a least squares ﬁt to the data in each segment. Polynomials
of degrees higher than 1 can be used, corresponding to MFDFA2, MFDFA3, etc. After detrending in each segment,
the variance of the result is calculated:
F2(n, L) =
1
L
j=L X
j=1
[H((n − 1)L + j) − Pn(j)]2. (3)
This expression is then averaged over all segments n and the value of the qth-order ﬂuctuation function is calculated:
Fq(L) =
 
1
2ML
2ML X
n=1
F2(n, L)q/2
!1/q
. (4)
Here q is a real number. For a fractal proﬁle, Fq(L) follows a power law relation at large scales, i.e.
Fq(L) ∼ Lh(q). (5)
The exponent h(q) is called the “generalized Hurst exponent”. For a monofractal proﬁle, h(q) = const, while for a
multifractal proﬁle, h is a function of q. For positive values of q, h(q) describes the scaling behaviour of the segments
with large ﬂuctuations, while for negative values of q, h(q) describes the scaling behaviour of the segments with small
ﬂuctuations. The singularity spectrum f (α) is calculated by obtaining the Legendre transform [25] of (q,τ(q)) with
τ(q) = qh(q) − 1, resulting in
α =
dτ(q)
dq
f (α) = qα − τ(q). (6)
The spectrum f (α) can be interpreted as the fractal dimension of a subset of points in the proﬁle characterized by the
singularity strength α (the local roughness exponent). For a monofractal proﬁle, α = α0 and f (α) = 1, where α0 is2086 Z. Moktadir et al. / Physica A 387 (2008) 2083–2090
Fig. 2. Log–log plot of the ﬂuctuation function Fq(d) as a function of the distance d = L∆x, for a Py29 sample, for q = −5,−3,−1,1,3,4 and
5. The straight lines are the regression ﬁts to the data. The slopes of the lines determine h(q).
Fig. 3. The q dependence of τ(q) = qh(q) − 1 for the four samples.
the roughness exponent of the proﬁle. The strength of the multifractality of a proﬁle is characterized by the difference
between the maximum and minimum values of α, i.e. ∆α = αmax − αmin.
Fig. 2 shows the log–log plot of the ﬂuctuation function (Fq(d)) versus the distance d = L∆x, where ∆x is the
spatial increment of the proﬁle, for a Py29 sample. Also shown is the linear regression ﬁt to the data for each value of
q. We used a detrended polynomial of degree 1 (MFDFA1), but the result remained unchanged when polynomials of
degree 2 and 3 were used (MFDFA2, MFDFA3). We can see clearly that the ﬂuctuation functions Fq(L) are straight
lines in the double-logarithmic plot, with different slopes indicating the presence of multifractality. In Fig. 3 the plot
of τ(q) versus q is shown for the four samples Py9, Py29, Si9 and Si29. Note that for |q| > 5, the function τ(q)
coincides with its asymptotic form which is a linear function of q.1 Hence, we choose −5 ≤ q ≤ 5. We notice clearly
that τ(q) is a concave function of q, typical of multifractal proﬁles. From Eq. (6) we can estimate the singularity
spectrum for the four samples as shown in Fig. 4. This spectrum is averaged over 12 proﬁle containing 8000 points
each. In Table 2 we summarize the values of the strength of the multifractality ∆α for the four samples alongside the
value of α that maximizes the singularity spectrum.
1 Note that the function τ(q) deﬁned in the MFDFA formalism is equivalent to functions deﬁned in standard multifractal formalism. For rigorous
deﬁnitions and properties of τ(q) see for example [26].Z. Moktadir et al. / Physica A 387 (2008) 2083–2090 2087
Fig. 4. The singularity spectrum for the four samples. In each case, the spectrum was averaged over 12 proﬁles containing 8000 points.
Table 2
Values of the multifractality strength ∆α = αmax − αmin for different samples and the value of α that maximizes the multifractal spectrum
Sample Py9 Si9 Py29 Si29
∆α 0.94 0.8 0.91 0.94
αmax 0.63 0.63 0.73 0.73
4. Discussion
We showed that the surfaces generated by blasting particles share a common property of multifractality. The
MFDFA method was used to uncover this property and to determine the singularity spectrum for each of the four
samples. The strengths of multifractality represented by ∆α, as displayed in Table 2, are close to each other regardless
of the size of the particles and the material. The maximum of f (α) for Py29 and Si29 samples is attained for
αmax ' 0.73, while for Py9 and Si9 samples this value is smaller, i.e. αmax ' 0.63 (Table 2). For samples Py29
and Si29, the value of αmax is very close to the universal value of 0.8 observed for fracture surfaces. Since the function
f (α) can also be interpreted as the probability distribution of subsets characterized by α [20], αmax corresponds to
the dominant roughness exponent on the whole proﬁle. Its value of 0.8 for Py29 and Si29 samples suggests that it
originates essentially from cracks formed by bombarding particles. This observation is in agreement with the accepted
mechanism [7–9] which states that when hard particles hit a brittle material, the contact area is plastically deformed
due to the high compressive and shear stresses and a radial crack is formed. After the impact, the plastic deformation
leads to large tensile stresses that result in lateral cracks causing the material removal. In contrast, the value of αmax
for samples Py9 and Si9 is smaller than the universal value of 0.8. For small particles (Si9 and Py9 samples), the
impacts are not powerful enough to initiate cracks and the erosion is ductile instead of brittle [27].
Similar multifractal behaviour was observed in the laser ablation of surfaces [28], which showed a pronounced
multifractal spectrum. This spectrum and our spectrum demonstrate overlapping regions. However, no conclusion
can be drawn regarding the similarities between the two erosion mechanisms as the laser ablation process is highly
anisotropic, whilst the sharp particle bombardment is isotropic.
The observed multifractality on all samples can be interpreted in terms of spatial intermittency. This concept was
argued by Krug [29] to describe the scaling of surfaces generated by epitaxial growth models incorporating very
limited atomic mobility leading to a violent spatial intermittent effects and multifractal surfaces. This description was
borrowedfromﬂuidturbulenceowingtothesimilaritybetweenGalileaninvarianceofturbulentﬂuidsandtranslational
invariance of interfaces [30]. In our case, we highlight large ﬂuctuations by considering the step size or the gradient at2088 Z. Moktadir et al. / Physica A 387 (2008) 2083–2090
Fig. 5. Top plot, the surface proﬁle of a Py29 sample with the corresponding local gradient (bottom plot) showing large ﬂuctuations of the latter
which constitutes the signature of intermittency.
Fig. 6. Local gradient distribution of the four samples Py9 (), Py29 (), Si9 (•) and Si29 (N). Continuous lines are the ﬁt to the stretched
exponential distribution (7). The inset shows the log–log plot of −ln(P(g)/P(0)) as a function of g where, the symbol designation is the same as
in the main plot; the straight lines are shown to highlight the asymptotic power law scaling of −ln(P(g)/P(0)) versus g.
theposition x, g(x) = |∂h/∂x|foraproﬁleh(x).Thisquantityistheanalogueoftheenergydissipationε = (∂v/∂x)2,
where v is the local velocity of a turbulent ﬂuid [31].Fig. 5 shows the local gradient g(x) for Pyrex glass bombarded
with 29 µm size particles, showing large gradient ﬂuctuations, which suggests spatial intermittency. In addition, we
consider the distribution of the local gradient in analogy with the local velocity gradient in fully developed turbulence,
which is described by a stretched exponential distribution [32,33]. A very similar behaviour is characteristic of all
four samples Py9, Py29, Si9 and Si29 as shown in Fig. 6, where the local gradient distribution ﬁts very well with the
stretched exponential function:
P(g) =
1
Ω
exp(−agγ). (7)
The ﬁt of the local gradient distribution to Eq. (7) gives the values of the stretching exponent γ, which are
1.41 ± 0.05, 1.23 ± 0.03, 1.37 ± 0.05 and 1.21 ± 0.03 for Si9, Py9, Si29 and Py29 respectively. The form of the
local gradient distribution suggests that non-linearities must be present at large scale, leading to h → −h symmetry
breaking. Indeed, the skewnesses s deﬁned as s = (1/
√
N)
PN
i=1(hi − h)3/σ3 where h and σ are the mean height
and the standard deviation respectively, of the height distributions of the proﬁles of all samples are non-zero and have
the values s' − 0.4,−0.35,−0.28 and −0.4 for Si9, Si29, Py9 and Py29 respectively. We can now ask the question:Z. Moktadir et al. / Physica A 387 (2008) 2083–2090 2089
What is the origin of the observed multifractality? It well known that multiplicative cascades [34,31] models generate
processes known to have intermittent behaviour and a multifractal character, mirroring the presence of intermittent
ﬂuctuations with long range correlations. These long range correlations are generated at large scale by features that
hierarchically cascade their inﬂuence to smaller scales. To detect the presence of long range correlations in our surface
proﬁles, we perform the following test [35]: we generated a surrogate data set by shufﬂing the height data in each
proﬁle. The newly generated data set preserves the distribution of the height but destroys the long range correlations,
which means that the surrogate proﬁles will exhibit a monofractal behaviour if the multifractality originates from the
long range correlations and not from the height distribution. We performed the MFDFA and found that the surrogate
data set is monofractal with the roughness exponent α = 0.5 for all samples. Thus, the observed multifractal behaviour
is a result of long range correlations since the shufﬂing procedure preserves the height distribution. The effect of long
range elastic interaction in developing long range correlations was reported by some authors in the case of elastic
chains driven in a quenched random pinning [36], or during crack propagation [37]. However, a detailed theoretical
investigation is needed in order to determine the origin of the long range correlations in sharp particle bombardment
of brittle materials.
5. Conclusion
In conclusion, we conducted a detailed scaling analysis of the surfaces of two brittle materials, silicon and Pyrex
glass, after bombardment with alumina particles of two different sizes 9 µm and 29 µm. The bombardment results
in multifractal surfaces. This multifractality is common to all samples regardless of the nature of the material or
the size of the particles. We determined the corresponding singularity spectrum revealing a broad range of scaling
exponents. We found that long range correlations are responsible for the observed multifractal behaviour. Although
the full spectrum of roughness exponents can be fully determined by analysing one-dimensional cuts of surfaces, it
is important to stress that a two-dimensional MFDFA (developed in Ref. [38]) is needed to fully characterize the
multifractal behaviour of the blasted surfaces. Nevertheless, our characterization of one-dimensional cuts in different
directions revealed this multifractal character and shows that long range correlations may play an important role in
this blasting process.
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